Reversed-phase columns such as octadecyl-bonded silica (ODS) column have been used as anion-exchange columns, which are easily prepared by coating highly hydrophobic ionic surfactants. [1] [2] [3] [4] [5] [6] [7] Although this approach has great flexibility for anion separation with regard to the choice of columns and ionpair reagents, the biggest advantage is control of the anionexchange capacity (viz. the amount adsorbed), which can improve the separation between anions according to the requirements. Also, the properties of ion-pair reagents and adsorbed amounts will affect the surface properties of the stationary phase, leading to different separation patterns.
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In our previous study, the determination of iodide in seawater was performed with a CTA + (cetyltrimethylammonium)-coated ODS column with a low anion-exchange capacity, a high inorganic salt solution (0.1 M NaCl) as the mobile phase, and UV and amperometric detection. 6 However, because the detection limit (ca. 5 µg/L, sample volume 100 µl) was not sufficient, for example for deep seawater samples, a larger sample volume injection technique without any peak broadening is necessary for highly sensitive detection. It was recently found that IC systems using separation columns of styrene-divinylbenzene copolymer with a high anion-exchange capacity and NaClO4 eluents with strong eluting power are effective for this purpose, 8, 9 due to the strong affinity of iodide to the columns through both hydrophobic and electrostatic interactions. However, the columns are not common in IC.
Therefore, in this study, the use of a CTA + -coated ODS column with a high anion-exchange capacity and mobile phase containing NaClO4 was examined for the highly sensitive detection of iodide in deep seawater. An extended coating of CTA + with hydrophobicity may also enhance the hydrophobicity of the column together with the anion-exchange capacity, leading to a strong affinity of iodide. Thus, we can expect that the column effectively concentrates iodide in seawater and that iodide is eluted by perchlorate ion.
The ion chromatographic system consisted of (a) a Tosoh CCPM pump (Tokyo, Japan), (b) a Rheodyne 7125 injector equipped with a sample loop of 0.5 mL (Cotati, CA, USA), (c) a UV-VIS detector (L-4200: Hitachi, Tokyo, Japan), and (d) a chromato-processor (SC-8010: Tosoh). A semi-micro ODS column (150 × 1.5 mm i.d.) packed with TSKgel ODS-80Ts QA (Tosoh, Tokyo, Japan; octadecyl-bonded silica (ODS), 5 µm spherical particles) was used as a separation column.
Standard anionic solutions and mobile phases were prepared from inorganic sodium salts of reagent grade. Stock solutions of each anion (10 g/L) were used for preparing standard anionic solutions. The mobile phases used were prepared from stock solutions of 0.3 M NaClO4, 2 M NaCl, and 0.5 M sodium phosphate buffer (0.15 M Na2HPO4 + 0.35 M NaH2PO4). The prepared mobile phases were passed through a cellulose nitratetype membrane filter (pore size, 0.1 m) before use. Artificial seawaters (salinity 0 -35‰) were prepared according to the Lyman-Fleming Formula; 10 35‰ artificial seawater, for example, contains 4 major anions (19300 mg/kg for Cl -, 2700 for SO4 2-, 65 for Br -, and 142 for HCO3 -). These solutions were prepared in distilled-deionized water. The seawater samples used were collected at a depth of 200 and 400 m near Kagoshima Prefecture.
A CTA + -coated ODS column was prepared by pumping a 5 mM cetyltrimethylammonium chloride (CTA + ·Cl -) aqueous solution at a flow rate of 0.1 mL/min for 4 h. Completion of the CTA + coating was judged from a rapid increase in the conductivity of the eluate; the amount adsorbed was 0.078 mM/column. The column was first washed with water and then 0.1 M NaCl. After uncoated CTA + was washed out thoroughly, the NaCl was changed to mobile phases containing perchlorate ion. Figure 1 shows the separation of anions by the mobile phase, 0.05 M NaClO4 + 0.3 M NaCl. The elution of I -depended mainly on the concentration of NaClO4; the retention times of iodide were 24.60, 14.07, and 11.40 min for 0.01, 0.03, and 0.05 M NaClO4 in the mobile phases, respectively. On the other hand, the effect of NaCl in the mobile phase was small for iodide elution in the examined range (0 -0.3 M). For example, the addition of 0.3 M NaCl in the mobile phase of 0.05 M NaClO4 reduced the retention time by only 0.37 min. This result is different from that of a CTA + -coated column with a low exchange capacity (the exchange capacity was 0.066 meq./column, 150 × 4.6 mm i.d. and the value per unit volume was below 1/10 compared to that used in this study and 0.1 M NaCl effectively exerted for the elution of iodide). 6 These results indicate that iodide is strongly retained on the column with a high anion-exchange capacity by electrostatic and hydrophobic interactions and ClO4 -with hydrophobicity is effective in displacing I -.
On the other hand, as for iodide in 35‰ artificial seawater, the effect of NaCl in the mobile phases was different from iodide in a pure solution. Figure 2 shows the dependence of iodide separation in 35‰ artificial seawater on the concentration of NaCl in mobile phases containing 0.05 M NaClO4. For 0 M NaCl (Fig. 2a) , the elution of I -and Br -in artificial seawater was delayed compared to that in a pure solution and they eluted in almost the same retention times (from 9.50 and 11.77 min to 14.60 and 14.55 min for bromide and iodide, respectively). This result can be explained as follows. The column was changed partly from the ClO4 -form to the Cl -form by injecting an artificial seawater sample (0.5 mL, salinity 35‰); thus, Iwas strongly attached to the column due to the large difference in selectivity between I -and Cl -compared with that between I -and ClO4 -. The delay of Br -elution was attributed to the long time needed for recovery to the original anion form (ClO4 -form in this case), due to the low NaClO4 mobile phase. On the other hand, the addition of a large amount of NaCl in the mobile phase resulted in a faster elution of Br -, and a good iodide peak was obtained for the mobile phases containing 0.1 M and 0.3 M NaCl (Figs. 2b and 2c) , respectively. Figure 3 shows the dependence of the retention times and theoretical plates of iodide on the salinity in a 0.5 mL sample volume with a mobile phase of 0.05 M NaClO4 + 0.3 M NaCl. The salinity of the samples led to an increase in theoretical plates of iodide, suggesting that the salinity effectively exerted iodide focusing on the inlet of the column, because of the stronger affinity of iodide to the column changed to the Cl -form through electrostatic and hydrophobic interactions. 9, 10 However, the eluting power of Cl -, which was generated in the recovery process to the original ClO4 -form, was weak, consequently leading to a delay of iodide elution.
The performance of the coated column for iodide in seawater was examined. The calibration curve of I -by the peak-area method was y = 67.5 + 26.2x (x = 0 -20 µg/L, 0.5 ml of 35‰ artificial seawater), R 2 (correlation coefficient) = 0.999. The ghost peak of I -for 35‰ artificial seawater (I -= 0 µg/L) was obtained due to the strong affinity of I -to the column and the peak area increased with salinity. However, because the ghost peak was almost constant for those samples with the same salinity, it did not affect the iodide determination. The peak areas of iodide decreased with increased salinities of the samples, though the rate was relatively small: y = 150.0 -0.56x, R 2 = 0.70; y, peak area (5 µg/L I -, 0.5 mL); x, salinity (x = 0 -35 ‰). Detection limit (3 × standard deviation of peak area at 0 µg/L I - (Fig. 2c, dashed line) ) was 0.5 µg/L I -for 0.5 ml of 35‰ artificial seawater. Figure 4 shows the separation of iodide in seawater. A sharp iodide peak was obtained without any interferences; the concentrations were 2.4 and 3.5 µg/L (Figs. 4a and 4b) , respectively, and the recoveries were 98.5 and 97.8% for the addition of 2 and 5 µg/L I -, respectively (the samples were frozen for about ca. 3 years after sampling and the original data were ND and 0.8 µg/L, respectively 8 ).
In conclusion, the optimization of the total IC system, including the coated column, mobile phases, and detection methods, is the most important for application to various real samples. A CTA + -coated ODS column with a high anion-exchange capacity was effective as an anion-exchange column for concentration and separation of iodide in a large seawater sample volume and also the removal of interferences by matrix ions in samples. The column efficiency did not decrease during this study. 
